response in vivo. These cells are detectable, however, using human leukocyte antigen/peptide (HLA/peptide) tetrameric complexes within samples of PBMCs taken from donors 1 year after primary infection. Infection with EBV therefore provides a natural system in which one can analyze T-cell selection during the development of memory by comparing the composition of in vivo "primary" and "memory" populations of T cells specific for a given epitope in the same individual. Several previous studies have addressed the question of Tcell selection during the evolution of memory (19) (20) (21) (22) (23) (24) (25) (26) . Many studies support the idea that the repertoire of antigen-specific memory T cells simply reflects that of the antigen-specific primary T cells (20, 24, 26) . However, conclusions drawn from other studies have conflicted with this hypothesis (19, 21, 25) . Here we show that, in the context of a naturally occurring and persistent viral infection in humans, the in vivo memory response is not a clear reflection of the in vivo primary response in that clonotypes that are massively expanded during the primary response are preferentially culled during the evolution of T-cell memory. The work highlights the importance of the nature of the primary response in influencing long-term immunological memory and sheds light on the pathways by which memory T cells might differentiate.
Methods
Synthesis of HLA/peptide tetrameric complexes. Soluble HLA/peptide tetrameric complexes were produced as described previously (4, 27) . Briefly, recombinant class I heavy chain or β2 microglobulin was expressed in Escherichia coli cells transformed with the appropriate plasmids. Expression of the heavy chain was limited to the extracellular domain, and the sequence was modified by the addition of a COOH-terminal biotinylation site. The complexes were refolded in vitro, biotinylated, and then recovered by fast-performance liquid chromatography (FPLC) purification and ion exchange chromatography. Tetramers were made by mixing the biotinylated protein complex with streptavidin-phycoerythrin (streptavidin-PE) (Sigma-Aldrich Co., Poole, United Kingdom) at a molar ratio of 4:1. For this study we constructed tetramers of HLA-A2 complexed with the GLCTLVAML peptide and of HLA-B8 complexed with the RAKFKQLL peptide. The specificity of the tetramer binding was confirmed as described previously (4, 6) . Further control experiments showed that these two tetramers bound equally well to fresh or frozen preparations of cells and that they did not bind to CD56 + natural killer (NK) cells.
Peptides. Two peptides representing epitopes from EBV lytic cycle proteins were synthesized by Alta Bioscience (University of Birmingham, Birmingham, United Kingdom). GLCTLVAML is an HLA-A2-restricted epitope from an EBV early protein encoded by BMLF1 (28) , while RAKFKQLL is an HLA-B8-restricted epitope from an EBV immediate-early protein encoded by BZLF1 (29) .
Patients. Fourteen HLA-A2 + and 10 HLA-B8 + individuals were identified during the acute stage of IM. The diagnosis was confirmed by an EBV-specific latex agglutination test. Samples of peripheral blood were taken at the time of diagnosis and 1 year later. Isolation and fractionation of lymphocyte preparations. Peripheral blood (3 ml) was incubated with red-cell lysis buffer (Gentra Systems Inc., Minneapolis, Minnesota, USA) to obtain leukocytes for use in preliminary staining experiments to rapidly identify individuals with populations of HLA-A2/GLCTLVAML or HLA-B8/RAKFKQLL tetramer-reactive T cells. Meanwhile, PBMCs were separated from the remaining 45 ml of peripheral blood using Ficoll-Hypaque densitygradient centrifugation and were used immediately for experiments or were cryopreserved.
Tissue typing. HLA-A2 + and HLA-B8 + donors were identified rapidly by the preliminary experiments to detect populations of CD8 + T cells that reacted with the HLA-A2/GLCTLVAML or HLA-B8/RAKFKQLL tetrameric complexes within samples of peripheral blood. In addition, genomic DNA was extracted from peripheral blood cells using a Puregene kit (Gentra Systems Inc.) and this was used in PCR reactions using a panel of HLA allele-specific primers in order to formally tissue type all donors. All HLA-A2 + and HLA-B8 + donors had been identified correctly on the basis of appropriate reactivity of CD8 + T cells with the tetrameric complexes.
Analysis of T-cell receptor repertoire. Samples of PBMCs were stained with one of a panel of mAb's specific for the human T-cell receptor (TCR) variable (V) chains. Cells were washed and stained with a FITC-conjugated anti-mouse or anti-rat mAb, as appropriate (DAKO Corp., Carpinteria, California, USA), then with PElabeled HLA/peptide tetrameric complex, and subsequently with a tricolor-conjugated anti-CD8 mAb (Caltag Laboratories Inc., Burlingame, California, USA). Cells were analyzed on a FACScalibur using CellQuest software (Becton Dickinson, Oxford, United Kingdom). Gates were set to include the live lymphocyte population. The BV2 mAb was found to interfere with the binding of the HLA-A2/GLCTLVAML tetramer in some patients, therefore results obtained using this mAb were omitted from the analyses.
Sequence analysis of TCR V β chains. Samples of PBMCs were stained with the relevant HLA/peptide tetrameric complex and with anti-CD8 mAb. The CD8 + T-cell population of cells that reacted with the tetramer were sorted on a Becton Dickinson cell sorter. The mRNA was extracted from the sorted cells using Tri-Reagent (Sigma-Aldrich Co.) and used in first-strand cDNA synthesis. The cDNA was used as a template in PCR reactions using a 3′ C β-chain primer CGTTTGTCGTCGAC-CTGCTTCCCATTCACC and a 5′ V β-chain primer as described previously (6) . The sequences of the V region primers were as follows: BV7, CTG AAT GCC CCA ACA GCT CTC; BV11, ACA GTC TCC AGA ATA AGG ACG; BV22, TCA TTT CGT TTT ATG AAA AGA TGC. The DNA product was purified and cloned into a pGEM-T Easy Vector (Promega Corp., Madison, Wisconsin, USA), according to the manufacturer's instructions. After transformations of E. Coli (strain JM 109), plaques containing inserts were sequenced using an automated sequencer.
Ex vivo cytotoxicity assays. PBMCs from IM patients were used as effectors in classical chromium-release assays to detect antigen-specific cytotoxicity, as described previously (30) . HLA-matched PHA blasts, prepulsed with a 2-µM concentration of GLCTLVAML or RAKFKQLL peptide, were used as target cells. Control experiments were performed in the absence of peptide.
Flow cytometry to detect surface Fas and intracellular perforin, Bcl-2, cytokine, and chemokine expression. For analysis of surface Fas expression, PBMCs were stained with tetramer and anti-CD8 mAb as above, then washed and stained with 0.25 µg anti-Fas/FITC mAb (DAKO Corp.) on ice for 30 minutes.
For analysis of intracellular perforin or Bcl-2 expression PBMCs were stained with tetramer and anti-CD8 mAb and were fixed by incubation with 200 µl of 4% paraformaldehyde on ice for 30 minutes. The samples were then washed twice in a PBS buffer containing 0.1% saponin and 1% FCS (permeabilization buffer) and incubated for 30 minutes on ice in the presence of 0.5 µg anti-perforin/FITC mAb (Ancell Corp., Bayport, Minnesota, USA), 0.5 µg anti-Bcl-2 mAb (DAKO Corp.), 0.5 µg anti-IgG2b/FITC-negative control mAb (PharMingen, San Diego, California, USA), or anti-CD3/FITC mAb (DAKO Corp.) diluted in 100 µl permeabilization buffer.
For analysis of intracellular cytokine or chemokine expression, PBMCs were incubated at room temperature for 30 minutes with the appropriate tetramer in RPMI supplemented with 10% FCS (R10). Cells were washed and incubated at a concentration of 2 × 10 6 cells/ml in R10 supplemented with 50 U/ml rIL-2 (Sigma-Aldrich Co.) (R10/IL-2), or in a 10-µM solution of GLCTLVAML or RAKFKQLL peptide diluted in R10/IL-2, or with autologous lymphoblastoid B cells (at a ratio of 1:1), which had been prepulsed with 10 µM GLCTLVAML or RAKFKQLL peptide in R10/IL-2 in V-bottomed 25-ml-capacity universal containers, at 37°C in the presence of 5% CO 2 for 6 hours. Experiments using peptide-pulsed autologous B-cell lines as a stimulant were, by necessity, performed using cryopreserved PBMCs. Brefeldin A (Sigma-Aldrich Co.) was added to the cultures at a final concentration of 5 µg/ml after the first hour of incubation. Cells were then washed, stained with saturating amounts of anti-CD8/tricolor mAb (Caltag Laboratories, Inc.), fixed in 4% paraformaldehyde (Sigma-Aldrich Co.), washed in permeabilization buffer, and stained with 0.5 µg of anti-IFN-γ/FITC mAb (PharMingen), 0.5 µg anti-macrophage inflammatory protein-1 β (MIP1 β)/FITC mAb (R&D Systems, Abingdon, United Kingdom), 0.5 µg anti-IgG1/FITC-negative control mAb (PharMingen), or with an anti-CD3/FITC mAb (DAKO Corp.) diluted in 100 µl permeabilization buffer, for 60 minutes on ice.
For all experiments analysis was performed using a FACScalibur and CellQuest software. Lymphocytes were gated by forward and side-angle light scatter. In each experiment, cells stained with anti-CD3 and anti-CD8 were used to identify the CD8 hi subset of T cells that expressed CD3 and the markers set to allow analysis of this subset.
Cell-culture and death-inhibition assays. PBMCs from IM patients were incubated at a concentration of 10 6 cells/ml in R10 in round-bottomed 96-well plates for 30 hours at 37°C in 5% CO 2 . To assess the effects of a Fas-Fc fusion protein (31) and a DR5-Fc fusion protein (32) on cell death, R10 was supplemented with the relevant fusion protein at final concentrations of 100 ng/ml and 500 ng/ml, respectively. To assess the effects of cytokines on cell death, R10 was supplemented with rIL-2 (Sigma Chemical Co.) at a final concentration of 50 U/ml, or with rIL-7 or rIL-15 (both from SigmaAldrich Co.) at final concentrations of 100 ng/ml.
Flow cytometry to assess cell death. To assess survival of antigen-specific T cells PBMCs were stained with the appropriate tetrameric complex at room temperature, washed in R10, and stained with an anti-CD8/tricolor mAb (Caltag Laboratories Inc.), washed, resuspended in PBS, and analyzed by FACS. After 30 hours in culture, a population of lymphocytes with reduced forward scatter was identifiable. These lymphocytes were stained with propidium iodide and therefore consisted of dead or dying cells with increased membrane permeability. Region 2 was set to include these cells while region 1 was set to include the live lymphocyte population. The frequency of live tetramer-reactive T cells within the lymphocyte population was calculated as percentage of tetramer-reactive T cells in R1/total cells in R1 plus R2. The same regions were used to analyze PBMCs at time points 0 and 30 hours. Levels of TCR and CD8 expression by tetramer-reactive T cells could be analyzed within the R1 and R2 gates.
To analyze phosphatidyl serine exposure PBMCs were stained as above with tetramer and anti-CD8 mAb. They were then washed in HEPES buffer and incubated in annexin V labeling solution (Roche Diagnostics, Lewes, United Kingdom) according to the manufacturer's instructions. Samples were diluted in the HEPES buffer and analyzed by FACS.
To analyze DNA fragmentation PBMCs were stained as above with tetramer and anti-CD8 mAb. An in situ cell-death detection kit adapted for FACS was used to identify cells containing DNA-strand breaks according to the manufacturer's instructions (Roche Diagnostics).
Results and Discussion

T-cell selection during primary immune responses in vivo.
In the first phase of the study we analyzed the clonal composition of the in vivo, primary, CD8 + T-cell response to two dominant epitopes from EBV in order to determine whether such responses were polyclonal or oligoclonal and to ascertain whether the same or similar clonotypes were used by different individuals. We used HLA/peptide tetrameric complexes to analyze the HLA-B8-restricted response to the RAKFKQLL epitope from the BZLF1-encoded protein (29, 33) and the HLA-A2-restricted response to the GLCTLVAML epitope from the BMLF1-encoded protein (28, 33) in ten HLA-B8 + individuals and 14 HLA-A2 + individuals with IM. We found clear populations of CD8 + T cells reactive with the HLA-B8/RAKFKQLL tetrameric complex in all HLA-B8 + individuals, with frequencies ranging from 10 to 45% CD8 + T cells and of CD8 + T cells reactive with the HLA-A2/GLCTLVAML tetrameric complex in the HLA-A2 + individuals with frequencies ranging from 2 to 11% CD8 + T cells. The TCR repertoire of CD8 + T cells reactive with the tetrameric complexes was analyzed in all the patients using a panel of TCR V region-specific mAb's. Results from an HLA-B8 + patient with IM (patient NS21), are shown in Figure 1 . Twenty-eight percent of CD8 + T cells reacted with the HLA-B8/RAKFKQLL tetrameric complex ( Figure 1a ). This patient's overall CD8 + TCR repertoire was abnormal with 18% of CD8 + T cells expressing BV7S1 (in healthy individuals a mean of 1.9%, SD 0.93%, CD8 + T cells express BV7S1; Figure 1 , b and d). The expanded population of BV7S1 + CD8 + T cells was composed of cells reactive with the HLA-B8/RAKFKQLL tetrameric complex and accounted for 57% of all CD8 + T cells mediating the primary immune response to this epitope ( Figure 1c ). T cells expressing BV12, BV16, BV21S3, and AV2S2 accounted for smaller fractions of the primary immune response to RAKFKQLL in this individual (data not shown). We sorted the B8/RAK-FKQLL tetramer-reactive T cells from PBMCs from patient NS21 and derived the sequences of the TCR β chains of the BV7S1-expressing T cells. These were oligoclonal (Table 1) , with only two different sequences being identified from ten transcripts. Both of these β chains used BJ2S5 and showed similarities in the predicted amino acid sequences of the CDR3 regions. These results formally confirm the hypothesis that even very large distortions of the CD8 + TCR repertoire observed in patients with IM are due to clonally/oligoclonally expanded populations of EBV-specific T cells.
Results of analysis of the TCR repertoire of T cells mediating the primary immune response to the RAK-FKQLL or GLCTLVAML epitopes in four further donors are shown in Figure 2 and Tables 2, 3 , and 4. The primary immune response to the HLA-B8-restricted RAKFKQLL epitope in patient NS52 (comprising 40.2% CD8 + T cells) was dominated by T cells expressing BV22, used by 24.2% of B8/RAKFKQLL-reactive T cells. BV5, BV7, BV14, and BV9 were used by smaller populations of B8/RAKFKQLL-reactive T cells ( Figure  2a ). In patient NS60 the primary response to the HLA-B8-restricted RAKFKQLL epitope was dominated by T cells expressing BV7S1, accounting for 12.3% of the total RAKFKQLL-specific response (which comprised 33% CD8 + T cells; Figure 2b ). We sorted the B8/RAK-FKQLL tetramer-reactive T cells from this donor and found that the sequences of the BV7S1-expressing T cells were oligoclonal during the primary response (Table 2 ). In patient NS33 the primary response to the GLCTLVAML epitope (comprising 11% CD8 T cells) was dominated by T cells expressing BV11, which accounted for 27.2% of the response (Figure 2c ). Analysis of the β chain sequences of this expanded population of BV11-expressing CD8 + T cells suggested that it was clonal/oligoclonal in composition (Table 3) . In patient NS60, 56.3% of the HLA-A2-restricted GLCTL-VAML-specific T cells mediating the primary immune response to this epitope (comprising 6.6% CD8 + T cells) expressed BV22. Again, this was clearly a clonal/oligoclonal population of cells (Table 4) .
The estimates of frequency of given clonotypes within a V β subset obtained using the method described, may be distorted by different levels of TCR mRNA expression within different responding T cells and can- B8/RAKFKQLL tetramer-reactive T cells were sorted from PBMCs taken from patient NS21 while he was suffering from IM. The sequences of the TCR β chains of the expanded population of BV7S1 + CD8 + T cells were derived. These were oligoclonal.
not, therefore, be absolute. However, the overwhelming dominance of certain clonotypes in the above examples allows for a high degree of confidence in these results. The TCR use of the dominant populations of T cells mediating the primary HLA-B8-restricted response to the RAKFKQLL epitope or the HLA-A2-restricted response to the GLCTLVAML epitope was not highly conserved between donors (22, 34) . Nevertheless, BV7, BV22, and BV6S5 were commonly used by relatively large populations of T cells recognizing the RAKFKQLL epitope and BV22 and BV14 were commonly used by relatively large populations of T cells recognizing the GLCTLVAML epitope in several different donors.
Despite the presence of large clonal/oligoclonal expansions of antigen-specific T cells, the HLA-B8/RAKFKQLL and HLA-A2/GLCTLVAML tetramer-reactive T cells in any individual used a variety of TCR V segments, highlighting the diversity of the T cells that may recognize a given HLA/peptide complex ( Figure 2 ). The reason for the selective expansion of certain clonal/oligoclonal populations of antigen-specific T cells in the face of a diverse repertoire of potentially reactive T cells remains unclear. Certain clonotypes may be present at relatively high frequency before EBV infection, perhaps because of biases during TCR gene rearrangement (35) or because some clonotypes have been expanded previously by a different but cross-reactive antigen. Some clonotypes may be exposed to antigen earlier or more frequently during the course of infection or may proliferate more efficiently in response to antigen stimulation. The latter may reflect differences in the biophysical properties of the interaction between different TCRs and a given HLA/peptide complex or differences in the phenotype of the responding T cell.
Expanded populations of EBV-specific CD8 + T cells from patients with IM are potent cytotoxic effectors and express perforin constitutively.
While the above analysis shows that striking antigen-driven clonal proliferation occurs during primary EBV infection, evidence that such massively expanded populations of CD8 + T cells function efficiently as effector cells has been lacking. We therefore analyzed the cytotoxic potential of the large populations of EBV-specific T cells found in patients with IM. Results from two donors, NS30 and NS28, are shown in Figure 3 . In patient NS30, 6.6% CD8 + T cells (equivalent to 2.9% total PBMCs) reacted with the HLA-A2/GLCTL-VAML tetrameric complex (Figure 3a) while in patient NS28 23.0% CD8+ T cells (equivalent to 8.0% total PBMCs) reacted with the HLA-B8/RAKFKQLL tetrameric complex (Figure 3a) . PBMCs from these patients were used ex vivo as effectors in cytotoxicity assays. PBMCs from patient NS30 lysed target cells prepulsed with the HLA-A2-restricted GLCTLVAML peptide epitope at effector/target (E/T) ratios as low as 25 PBMCs/1 target cell (Figure 3b ). This is equivalent to an E/T ratio of 0.7 HLA-A2/GLCTLVAML tetramer-reactive T cells/1 target cell. Likewise, PBMCs from patient NS28 lysed target cells prepulsed with the HLA-B8-restricted RAKFKQLL peptide epitope at E/T ratios as low as 15 PBMCs/1 target cell (Figure 3c ). This is equivalent to 1.2 HLA-B8/RAKFKQLL tetramer-reactive T cells/1 target cell. The levels of cytotoxicity shown by these antigen-specific T cells mediating a primary immune response in vivo were therefore very similar to levels one would expect from an antigen-specific T-cell clone grown in vitro. Consistent with their cytotoxic potential, EBV antigen-specific T cells from patients with IM expressed high levels of intracellular perforin (Figure 3d) . The capacity to kill target cells expressing immediate-early (e.g., BZLF1-encoded) and early (e.g., A2/GLCTLVAML tetramer-reactive T cells were sorted from PBMCs taken from patient NS33 while he was suffering from IM and 1 year later. The sequences of the TCR β chains of the BV11 + CD8 + T cells were derived. These were all identical. A2/GLCTLVAML tetramer-reactive T cells were sorted from PBMCs taken from patient NS60 while he was suffering from IM and 1 year later. The sequences of the TCR β chains of the BV22 + CD8 + T cells were derived. These were all identical.
BMLF1-encoded) proteins expressed during the initial phases of EBV replication will be an important mechanism by which CD8 + T cells control EBV infection.
Subpopulations of EBV-specific CD8 + T cells from patients with IM express IFN-γ and MIP1 β after stimulation with antigen.
To investigate the functional properties of the expanded populations of CD8 + T cells still further and, in particular, to ascertain whether this degree of antigen-driven proliferation was associated with loss of effector function, we analyzed expression of cytokines and chemokines, including IFN-γ and MIP1 β, by antigen-specific T cells mediating the primary immune response to EBV in patients with IM. These EBV antigen-specific T cells did not express detectable levels of intracellular IFN-γ constitutively but a minority (0-30%) did express low levels of MIP1 β when analyzed ex vivo. Thus IFN-γ was not detected when PBMCs from HLA-A2 + donors with IM (NS120 and NS122) were incubated in the absence of added antigen ( Figure 4 , a and e). Virtually none of the HLA-A2/GLCTLVAML-reactive T cells from donor 120 expressed MIP1 β constitutively (Figure 4b ) although 26% of these cells from donor 122 showed low-level expression of this chemokine ex vivo (Figure 4f ). After stimulation with the appropriate peptide, subpopulations of the antigen-specific T cells were able to secrete IFN-γ and/or MIP1 β. In donor NS120, 72% HLA-A2/GLCTLVAML-reactive T cells stained positively for IFN-γ, and 86% of the cells stained positively for MIP1 β (Figure 4, c and d) . The frequency of antigen-specific T cells that secreted these cytokines/chemokines was always less than 100% and could be as low as 30%. Increasing the concentration of added peptide to greater than 10 µM or adding anti-CD28 mAb to the cultures did not affect the results. Even when peptidepulsed autologous lymphoblastoid B-cell lines (LCLs) were used to stimulate PBMCs, clear populations of antigen-specific T cells failed to secrete IFN-γ or MIP1 β. In patient 122, after stimulation of PBMCs by LCLs prepulsed with 10 µM GLCTLVAML peptide, only 33% and 69% of HLA-A2/GLCTLVAML tetramer-reactive T cells expressed detectable intracellular IFN-γ and MIP1 β respectively (Figures 4, g and h) . The EBVtransformed LCL also express other EBV antigens, explaining the secretion of IFN-γ and MIP1 β by CD8 + T cells that do not react with the HLA-A2/GLCTL-VAML tetramer in these assays.
The experiments show clear functional heterogeneity within the antigen-specific T-cell pool during the primary immune response. We were unable to detect secretion of IL-4 by the cells after stimulation, suggesting that failure to secrete IFN-γ did not reflect a Tc2 phenotype (data not shown). The most likely explanation is that the non-cytokine-secreting cells were functionally "exhausted" or "anergic", perhaps reflecting recent or recurrent stimulation in vivo (2, 7) . In support of this we have found recently that the majority of the clonally expanded population of V β 22-expressing, HLA-A2/GLCTLVAML tetramer-reac-
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Figure 2
The TCR repertoire of CD8 + T cells specific for EBV antigens during the primary and memory immune responses. PBMCs taken from donor NS52 (a), donor NS60 (b), donor NS33 (c), and donor NS60 (d), during primary EBV infection (black bars) and 1 year later (hatched bars), were stained with a panel of TCR V region-specific mAb's, with the B8/RAKFKQLL tetrameric complex (a and b), or with the A2/GLCTLVAML tetrameric complex (c and d), and with an Ab specific for CD8. The TCR V-region use of CD8 + T cells reacting with the relevant tetrameric complex is shown. The frequency (% of CD8 + T cells) of RAKFKQLL-specific T cells during primary infection and 1 year later in donor NS52 was 40.2% and 4.4%, respectively, and in donor NS60 was 33% and 4.3%, respectively. The frequency of GLCTLVAML-specific T cells during primary infection and 1 year later in donor NS33 was 11% and 5.5%, respectively, and in donor NS60 was 6.6% and 1.3%, respectively. Whatever the explanation, this work shows that an in vivo primary response is not composed of a homogenous population of functional effector cells and that investigation of such responses using tetramers alone or cytokine assays alone will give an incomplete or misleading picture.
The majority of EBV antigen-specific T cells from patients with primary EBV infection are programmed to die.
We went on to determine the fate of the antigen-specific CD8 + T cells that mediated the primary response to EBV in our patients and to investigate mechanisms that might be involved in the downregulation of the response and the establishment of T-cell memory. Analysis of PBMCs from our patients 1 year after primary infection showed a fall in the overall number of CD8 + T cells (mean of 4.8-fold) together with a fall in frequency within the contracted CD8 + T-cell compartment of RAKFKQLLspecific T cells in HLA-B8 + donors to between 2.7 and 7.3% CD8 + T cells and of GLCTLVAML-specific T cells in HLA-A2 + donors to between 1.3 and 5.5% CD8 + T cells. In one donor this was equivalent to the loss of 95% of the antigen-specific T cells present in peripheral blood during the primary response. The death of most antigen-specific T cells mediating the primary response is a critical immunoregulatory mechanism whereby an optimally responsive peripheral T-cell repertoire is reestablished after infection. To investigate susceptibility to death of antigen-specific T cells mediating a primary response after a fall in antigen load, we incubated PBMCs from IM patients for 30 hours in R10 in vitro in the absence of added antigen or cytokine stimulation. The majority of EBV antigen-specific T cells taken from individuals suffering from primary EBV infection died during 30 hours in culture ( Figure  5a ). Over this time these cells exposed phosphatidylserine at the surface, downregulated TCR and CD8, and fragmented their DNA. These experiments show that the majority of these antigen-specific cells are programmed to die rapidly by apoptosis. Importantly, in control experiments we found that the majority (75-95%) of EBV antigen-specific CD8 + T cells from healthy EBV seropositive donors survived 30 hours in these culture conditions (Figure 5a ).
The EBV antigen-specific T cells from patients with IM express the death receptor Fas (data not shown). We cultured PBMCs from patients with IM in R10 for 30 hours in the presence and absence of Fas-Fc fusion protein. Fas-Fc did not protect antigen-specific T cells from patients with IM from death (Figure 5b Cytotoxicity of EBV-specific T cells during the primary immune response. (a) PBMCs from donor NS30, an HLA-A2 + individual with IM, and donor NS28, an HLA-B8 + individual with IM, were stained with an A2/GLCTLVAML or a B8/RAKFKQLL tetrameric complex and with an anti-CD8 mAb. The frequency (%) of CD8 + T cells that stain with the tetrameric complex is shown. PBMCs from these two patients were used as effector cells in chromium-release assays. PBMCs from donor NS30 caused specific lysis of target cells prepulsed with the GLCTLVAML peptide (b), and PBMCs from donor NS28 caused specific lysis of the targets prepulsed with the RAK-FKQLL peptide (c). PBMCs from the HLA-B8 + donor were stained with the B8/RAKFKQLL tetrameric complex, with anti-CD8, and then were fixed, permeabilized, and stained for intracellular perforin expression. Perforin expression on CD8 + T cells was bimodal with 57% of CD8 + T cells being perforin bright. All the HLA-B8/RAK-FKQLL tetramer-reactive T cells were perforin bright. The FL-1 threshold was set using a FITC-conjugated IgG2b control mAb.
that the interaction between TNF-related apoptosisinducing ligand (TRAIL) and its receptors (18, 32, 36) is also not required for the death of these cells.
We went on to analyze the second major pathway of apoptotic death, the pathway characterized by release of cytochrome c from mitochondria. Bcl-2 protects cells from apoptosis and exerts its effect predominantly on cells dying via the mitochondrial pathway of death (37) . We found that Bcl-2 is often downregulated within the antigen-specific T cells from patients with IM (data not shown), suggesting that the cells might be susceptible to death via a mitochondrial pathway. Cytokines that signal through the common γ chain can rescue cells from death mediated via this pathway (38, 39) . We therefore cultured PBMCs from IM patients in the presence and absence of IL-2, IL-7, and IL-15. These cytokines improved survival of antigen-specific T cells (Figure 5c ) and protected against all features of cell death, including TCR and CD8 downregulation, DNA fragmentation, and changes in cell permeability and size. Thus, in the absence of antigen or exogenous cytokines, the majority of antigen-specific T cells from patients with IM are programmed to die via a mitochondrial/cytokine rescuable pathway of apoptotic death.
T-cell selection during the evolution of memory in vivo. Small populations of EBV-specific T cells do survive the downregulation of the immune response in vivo and form a memory population of T cells. We wished to define the relationship between the T cells that mediated the strong primary response to EBV and those that survived to mediate the long-term memory response, in the hope that such an analysis would help elucidate the pathway by which T-cell memory develops. In five HLA-B8 + and five HLA-A2 + patients we compared the TCR repertoire of T cells specific for the RAKFKQLL and GLCTLVAML epitopes in samples of PBMCs taken during the primary immune response with that of T cells specific for these epitopes in samples of PBMCs taken 1 year later. Results from four donors are shown in Figure 2 . The BV22-and BV7-expressing T cells that dominated the primary response to the RAKFKQLL epitope in patients NS52 and NS60, respectively, were less dominant within the memory response. Likewise, the expanded populations of BV11-and BV22-expressing T cells that dominated the primary response to the GLCTL-VAML epitope in patients NS33 and NS60 were subdominant in the memory response to this epitope. There were therefore clear differences between TCR use of antigen-specific T cells mediating the primary and memory responses, with the TCR V β chains selected most strongly, in a given individual, during the primary immune response to an EBV antigen, being relatively less dominant within the memory pool of T cells specific for the same antigen and with different TCR V chains being used instead. Notably, where the relative frequency of T cells expressing a particular BV chain rose in the memory, compared with the primary response to a given epitope, calculations of the numbers of antigen-specific T cells using that BV chain based on the fall in the total numbers of CD8 + T cells and the fall in frequency of the epitope-specific T cells within the CD8 + T-cell compartment, showed that the absolute numbers had fallen.
The possibility that the loss of dominant peaks within the TCR repertoire of the memory population is an artifact resulting from increased nonspecific binding of tetramer to T cells in PBMCs from the follow-up sam- Cytokine secretion by EBV-specific T cells during the primary immune response. PBMCs from HLA-A2 + individuals with IM (NS120 and NS122) were stained with the HLA-A2/GLCTLVAML tetrameric complex. PBMCs from NS120 were then cultured in vitro for 6 hours in the absence (a and b) or the presence (c and d) of 10 µM GLCTL-VAML peptide in R10 supplemented with rIL-2. PBMCs from NS122 were cultured in vitro for 6 hours in the absence (e and f) or presence (g and h) of an autologous lymphoblastoid B-cell line (at a ratio of 1 B cell/1 PBMC) prepulsed with 10 µM GLCTLVAML peptide in R10 supplemented with rIL-2. Brefeldin A was added to the cultures after the first hour. Cells were surface-stained with an anti-CD8 mAb, fixed, permeabilized, and stained for intracellular IFN-γ (a, c, e, and g) or MIP1 β (b, d, f, and h) . Only CD8 + T cells were included in the analyses. The frequency (%) of tetramer-reactive T cells that stained positively with mAb's specific for IFN-γ or MIP1 β is shown.
ples compared with the primary samples is unlikely. Control experiments performed using these tetramers have confirmed their specificity (4, 6) and, in particular, have shown that they do not bind significant populations of T cells in PBMCs from healthy EBV-seronegative individuals (4, 6 , and data not shown).
In some individuals we found that relatively few of the antigen-specific T cells reacted with our panel of TCR V region-specific mAb's, suggesting that TCRs using other variable chains (e.g., BV4) might be important components of the response.
We wanted to know whether the clonotypes that dominated the primary response had effectively been deleted (high zone tolerance) (23, 40, 41) or whether they were present, albeit at much lower frequency. We therefore sorted B8/RAKFKQLL-reactive T cells from donor NS60 and A2/GLCTLVAML-reactive T cells from PBMCs taken from donors NS33 and NS60 1 year after primary infection and derived the sequences of the TCR β chains of the BV7S1-, BV11-, and BV22-expressing T cells (respectively) within the relevant antigen-specific T-cell population. We found that the repertoire of BV7S1-expressing T cells mediating the memory response to RAKFKQLL in donor NS60 was similar to that of the BV7S1-expressing T cells mediating the primary response (Table 2) . Likewise, we found that the small populations of BV11-and BV22-expressing T cells involved in the memory response to the GLCTLVAML epitope in patients NS33 and NS60 included T cells expressing β chains identical to those found in the primary response (Table 3 and Table 4 ). The results therefore show that the clonotypes that had been massively expanded during the primary response in these donors were still detectable in the memory response, albeit at much lower frequencies. Thus, while these clones have been heavily culled during the establishment of memory, we do not find evidence in these individuals to support the idea that the dominant components of the response have actually been deleted.
The results we report differ from those described by previous investigators. The majority of studies investigating the relationship between primary and memory T-cell responses have concluded that the repertoire of cells that mediates these responses is similar or identical and that memory T cells are selected stochastically from the primary population (20, 22, 24, 26) . There are also studies that support the hypothesis that, in some circumstances, further clonal selection may occur, perhaps on the basis of TCR affinity or specificity, in the presence of persistent or recurrent exposure to antigen (19, 21, 25) . Other reports suggest that deletion of T cells mediating the primary response may occur, resulting in long-term failure to control antigen load (2, 40, 41) . It is possible that a limited form of deletion, involving only certain clones, may explain results from yet further studies that show that the clonal compositions of primary and memory responses may be different (23) . The conflicting results may reflect differences in the experimental systems used and differences between CD4 + and CD8 + responses. In murine studies, analysis of TCR use of ex vivo populations of antigen-specific T cells has been limited by difficulties in obtaining sufficient cells from a mouse on two different occasions. In studies of human T-cell responses, investigation of the relationship between primary and memory responses has relied heavily on analysis of antigen-specific T-cell clones derived from peripheral blood at two different time points and is therefore subject to biases introduced by in vitro culture conditions. Furthermore, much of the work has focused on responses where TCR use of antigen-specific T cells is restricted and conserved between donors (19, 20, 24) . Such responses are relatively unusual and conclusions derived from the study of these responses may not be widely applicable. The major advantages of this study are that we have been able to analyze the repertoire of antigen-specific and HLA-B8 + (NS100) individual with IM were cultured in R10, in R10 in the presence of 50 U/ml rIL-2, 100 ng/ml rIL-7 or 100 ng/ml rIL-15. Survival (%) of the tetramer-reactive T cells is shown.
T cells in vivo during primary and memory responses in the same donors in the context of a natural antigenic challenge. The use of TCR V chain-specific mAb's in conjunction with HLA/peptide tetrameric complexes has allowed us to quantify subpopulations of antigenspecific T cells, and the use of V region-specific PCR performed on cDNA from sorted populations of tetramer-reactive CD8 + T cells has allowed us to analyze the clonality of the responses in some detail. The results show that the repertoire of the memory response may be constrained by the relative depletion of T-cell clonotypes, which have preferentially expanded during the primary response.
Models for the development of T-cell memory. The differences we observed between the composition of primary and memory responses shed light on the possible pathway by which T-cell memory is established. Many theoretical models for the development of Tcell memory have been proposed. Three of these are shown in Figure 6 . The first model involves parallel but separate pathways of differentiation for primary and memory cells, with T cells mediating the primary and memory responses being derived from different naive T cells (Figure 6a ). This model predicts that the TCR use of the primary and memory populations of cells would not be closely related. Our study clearly shows that the same T-cell clones are involved in primary and memory responses to antigen in vivo and argues strongly against this type of model. The second is a form of linear differentiation model (Figure 6b ). Naive T cells are stimulated to differentiate into a primary population. During the downregulation of the primary response, memory cells are selected from the expanded primary population. The selection of cells entering the memory pool might be stochastic or might be based on affinity or specificity. This type of linear differentiation model would predict that the TCR use of primary and memory cells would be closely related (identical if selection were stochastic and increasingly restricted in memory if continuing selection on the basis of affinity or specificity occurred). We did find clear similarities between TCR use by antigen-specific T cells involved in the primary and memory responses in vivo. However, the repertoire of the memory population of cells did not precisely reflect that of the primary population, and we did not observe narrowing of the repertoire of responding cells. The model therefore needs to be modified to take into account the relative depletion of the dominant primary clonotypes in memory. This can be done in the context of a branched differentiation model where one proposes the existence of an intermediate cell type, which we have referred to here as the "core cell population." We suggest that these cells are antigen experienced and have the capacity to divide vigorously to form an "expanded primary population", which then dies, and also to differentiate into a memory population, which survives (Figure 6c ). Massive expansion of a particular clone during the primary response would deplete the core cell population of that clonotype such that it would be under-represented in memory. In some cases this process might actually result in the loss of a clonotype from the memory population (physical exhaustion). Further studies are required to define the phenotypic and functional properties of the putative core cell population. However, the functional heterogeneity we observed in the primary response in vivo would be consistent with the idea that T cells in different states of differentiation (e.g., core cells and a more highly differentiated "expanded population") might contribute to the primary population. The model would also be consistent with other work suggesting that only a subgroup of cells present during a primary immune response is destined to survive into memory (42) and that the requirements for induction of full effector or memory function may be different (43) .
In conclusion, this study provides the most detailed analysis to date of the clonal composition, functional properties, and downregulation of the primary immune response to a natural virus infection. The work highlights the extraordinary potency of the primary cytotoxic T-cell response and sheds light on factors that influence the downregulation of the response and the development of T-cell memory.
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The and a memory population may derive. The TCR use of the memory population would be similar to that of the primary population, but relative depletion of the clonotypes most expanded during the primary response might occur.
